A laser-based ultrasonic system is used to measure the mechanical properties and thickness of mullite environmental barrier coatings deposited on SiC substrates. Narrow-band surface acoustic waves (SAWs) are generated with an amplitude modulated laser source, and a photorefractive crystal based interferometer coupled to a lock-in amplifier is used to detect the resulting surface displacement. The complex displacement field is mapped over a source-to-receiver distance of approximately 500µm in order to extract the wavelength of the SAW at a given excitation frequency, from which the phase velocity is determined. Dispersion curves measured over a frequency range of 100-180MHz are used to extract mean values for the elastic modulus and thickness of the coating over the measurement region. These values are compared to the mean elastic modulus and thickness of the coating measured using nanoindentation and optical microscopy, respectively. It is shown that porosity in the substrate can have a significant impact on the experimental results, particularly over short measurement distances. Experiments on SiC with 1-4% porosity show a linear increase of the mean SAW velocity with decreasing porosity. Additionally, measurements made on a sample with a given bulk porosity indicate that the SAW velocity varies locally, leading to additional error in the measurement of coating properties. This error can be reduced through spatially averaging the velocity measurements.
INTRODUCTION
Mullite (3Al 2 O 3 •2SiO 2 ) is a promising environmental barrier coating for silicon based ceramics, such as SiC and Si 3 N 4 , because of its high temperature strength, corrosion resistance, and excellent CTE match with SiC. Chemical vapor deposition (CVD) can be used to grow mullite coatings over a wide range of compositions, opening up the possibility of functionally graded coatings that offer maximum protection against corrosion and recession at the coating surface, while having an optimum thermal expansion match with the substrate at the interface [1] . In order to optimize the growth parameters in the CVD reactor, it is desirable to provide feedback of coating quality through analysis of the mechanical and dimensional properties. Coatings grown during the optimization of a growth process can exhibit spatial inhomogeneities in elastic and dimensional properties, resulting in complex material structures. Figure 1 shows a cross-sectional image of a graded mullite coating grown on a SiC substrate using CVD and captured using an optical microscope. In addition to elastic property variations through the coating thickness that stem from the compositional change introduced during the growth process, as-grown coatings also exhibit surface roughness, more gradual variations in coating thickness across the surface, and some transverse variations in the coating elastic properties. Furthermore, the SiC substrates on which the coatings are grown have been found to have approximately 1 -4% porosity.
Laser-based ultrasonics (LBU) provides a non-contact and nondestructive technique for the measurement of coating properties [2] [3] [4] , which can potentially be incorporated into an in-situ process monitoring system. We have recently developed a frequency domain LBU approach that is well suited for the inspection of as-grown CVD mullite coatings [5, 6] . This technique uses an intensity-modulated continuous wave laser source to generate extremely narrow-band surface acoustic waves (SAWs). A photorefractive crystal based interferometer coupled to a lock-in amplifier is used to detect the resulting surface displacement. The system is used to make SAW velocity measurements at multiple frequencies within the 100-180 MHz range. The elastic properties and/or thickness of a given coating are then found by comparing the experimentally measured SAW dispersion profile with a theoretical model. Although the material system is complex, for the purpose of process monitoring a model of SAW propagation in a homogeneous coating/substrate system is used to estimate mean values for the elastic modulus and thickness of the coating over the measurement region. The mean values for the elastic modulus and thickness may provide sufficient information to make determinations regarding the coating quality.
EXPERIMENT
A sinusoidally modulated continuous wave (CW) laser source is used for the generation of narrow-band SAWs. The primary advantage of using a CW laser source over a pulsed laser source is that the bandwidth of the detection system can be reduced to match that of the excited acoustic waves, leading to a significant reduction in noise [7, 8] . The experimental setup is shown in Figure 2 . A long working distance objective (LWDO) with a numerical aperture (NA) of 0.40 is used to focus the generation and detection beams on the specimen surface. The generation laser is a 1550nm electroabsorption modulated distributed feedback diode laser (EML). The output of the EML is sent to a 5W erbiumdoped fiber amplifier (EDFA). A signal generator is used to amplitude modulate the EML FIGURE 1. A cross-sectional view of a mullite coating/SiC substrate captured using optical microscopy. The spatial inhomogeneities in the material system are labeled.
at frequencies up to 200MHz. Before entering the system, the generation laser output from the EDFA is collimated. The beam is then directed to a mirror on a gimbal mount and is sent through a relay lens system before being focused on the specimen surface using the LWDO. The gimbal scanning mirror is rotated to control the position of the generation spot on the specimen surface within the field of view of the microscope. The average generation power at the specimen surface was measured to be approximately 800mW. The detection laser is a 200 mW frequency doubled Nd:YAG operating at λ=532nm. After reflecting off the specimen surface, the detection beam is directed into a photorefractive crystal where it is mixed with a reference beam. A 3kV/cm DC electric field is applied to the crystal. The signal beam is then directed to a photodetector, and the output of the photodetector is sent to an RF lock-in amplifier. SAW velocity measurements are made by mapping the complex displacement field over a source-to-receiver distance of approximately 500µm. The wavelength of the SAW at a given excitation frequency is extracted from this data, and the phase velocity is determined [5, 6] .
EXPERIMENTAL RESULTS
The LBU system is used to measure dispersion curves over a frequency range of 100-180MHz. The dispersion curves are compared to a theoretical model for SAW propagation in a single, homogeneous, isotropic coating on a semi-infinite substrate to estimate values for the effective elastic modulus and thickness of the coating over the measurement region [9] . The simplex algorithm is used to find thickness and elastic modulus values that minimize the difference between the measured and predicted velocities.
SiC Substrate Characterization
Prior to extracting the coating properties from SAW dispersion measurements, the density, elastic modulus, and Poisson's ratio of the SiC substrates are measured. The substrates used in this work are 4 × 6 × 20 mm 3 bars of Hexoloy® SA SiC. The substrates are porous and the degree of porosity was found to vary somewhat even within a given specimen. The density measurements were performed on a 4 × 6 × 5 mm 3 section of the substrate, selected from the same region of the sample where the coating measurements were performed, using a Mettler Toledo density determination kit and precision balance (via Archimedes principle). Once the density was found, the elastic modulus and Poisson's ratio were determined through measurement of the longitudinal and SAW velocities. The longitudinal wave velocity was measured on the same section of the sample as the density measurements using a contact transducer operating in pulse echo mode. The SAW velocity measurements were made using the LBU system.
Significant variations in SAW velocity were found from position to position across the surface of a given substrate. The standard deviation of the velocity measurements is correlated with the amount of porosity in the substrate. It is expected that this variation is due to the influence of ultrasonic scattering or a non-uniform distribution of pores over the relatively short (500μm) measurement distance. Spatial averaging, obtained by taking the mean velocity of measurements made over a number of positions on the sample surface, was found to give a consistent value for the mean SAW velocity and minimize the effects of local variations. SAW velocity measurements were made over 350 positions on the sample surface using the geometry illustrated in Figure 3(a) . The sample was translated by 15μm between measurements and the result is shown in Figure 3(b) . The mean velocity in this case was found to be 6743.46m/s with a standard deviation of 68.2m/s. Note that the standard deviation is not due to system noise, which is estimated to be less than 10m/s. The standard deviation of the SAW velocity measurements made on four samples is plotted as a function of density in Figure 4(a) . Note the increase in the standard deviation with decreasing density (increasing porosity). Characterization of the variations in velocity over space allows for the determination of the number of spatial measurements required to estimate the true mean SAW velocity of the substrate within a given confidence interval. The substrate with a density of 2826.9kg/m 3 , for example, has a standard deviation of 68.2m/s, and therefore to obtain an estimate of the true mean value within 20m/s (95% confidence) requires on the order of 47 spatial measurements. The less porous specimens with smaller standard deviations require fewer measurements to achieve the same confidence interval. Figure 4(b) shows the mean SAW velocity as a function of density for the same samples. As expected, the addition of porosity results in a decrease in SAW velocity. The linear relationship observed is consistent with the work of other researchers [10] [11] [12] .
Mullite Coating Characterization
SAW dispersion curves from the mullite coating/SiC substrate material systems are analyzed to estimate an effective value for the elastic modulus of the coating and the mean coating thickness over the measurement region. To validate the properties extracted from the LBU measurements, nanoindentation and optical microscopy are performed on polished coating cross-sections. An array of nanoindentation indents is made through the coating thickness to extract the elastic modulus profile. Each array contains three indents at a specific distance from the coating/substrate interface. Figure 5(a) gives an example of the elastic modulus profile from one array of indents. The mean elastic modulus from all indents is compared to the mean effective elastic modulus extracted from the LBU results. An optical microscope with a magnification of 500X is used to measure the coating thickness and the thickness uniformity. Digital images of the coating cross-section are captured with a pixilated resolution of 0.129μm/pixel. A Matlab program was developed to threshold the images and calculate the coating thickness across the specimen. Figure 5(b) is the result of this processing on the cross-sectional image presented in Figure 1 . The mean coating thickness from the optical microscope is compared to the mean coating thickness extracted from the LBU results.
Variations in the measured SAW velocity from position to position due to the substrate porosity also occur when measurements are made on the coating surface. To reduce this effect, the spatial averaging approach is also used to extract a mean SAW dispersion profile. At each position, velocity measurements are taken from 100MHz to 180MHz in steps of 8MHz. The specimen is translated 15μm normal to the generation beam scanning direction between positions. Figure 6(a) is an example of the dispersion measurements at 20 positions across the mullite coating. At each frequency, the velocity values measured at every position are averaged, resulting in the plot shown in Figure 6 (b). The theoretical dispersion curve resulting from fitting the coating elastic modulus and thickness is also presented in Figure 6 (b). Within the theoretical model, the density and Poisson's ratio of the coating are assumed to be 3156kg/cm 3 and 0.28 respectively [13] . Table 1 includes the values for the coating elastic modulus and thickness extracted from four spatially averaged dispersion curve measurements performed on the same surface of the mullite coating. The elastic modulus values range from a minimum of 158.06GPa to a maximum of 184.23GPa, with a mean value from the four measurements of 172.39 GPa. The coating thickness ranges from 11.91μm to 13.56μm; with a mean from the four measurements of 12.72μm. Table 2 includes the mean elastic modulus through the coating thickness from three arrays of nanoindentation indents performed on the polished coating cross-section. The mean elastic modulus through the coating thickness from the three arrays is 175.63GPa, which shows an agreement with the mean effective elastic modulus from the LBU results that is within 2%. Table 3 displays the mean coating thickness from six digital images captured using the optical microscope. The mean coating thickness is 11.95μm, which shows an agreement with the mean thickness from the LBU results that is within 7%. The good agreement of the coating properties measured using each technique demonstrates that the LBU technique is suitable for extracting mean coating properties from a complex material system exhibiting some spatial inhomogeneities. 
CONCLUSIONS
A laser ultrasonic technique has been developed that is suitable for the inspection of ceramic environmental barrier coatings. The system is used to make SAW dispersion measurements over a frequency range of 100-180MHz. The dispersion curves are compared to a model of SAW propagation in a homogeneous coating/substrate system to estimate mean values for the elastic modulus and thickness of the coating over the measurement region. Prior to extracting the coating properties, the elastic properties and density of the SiC substrate are measured.
Substantial variations in SAW velocity measured at different locations on the substrate were found, and are expected to be due to sample porosity. Spatial averaging was used to minimize the effect of this variation and predict the mean substrate velocity. The inspection of multiple specimens with varying porosity (and therefore varying density) demonstrated a correlation between the standard deviation of the velocity measurement with the amount of porosity in the substrate. A correlation between the mean SAW velocity and the density of the substrate was also demonstrated. The extracted mean coating elastic modulus and thickness from the LBU measurements agreed well with the mean elastic modulus and thickness measured using nanoindentation and optical microscopy, respectively. The mean elastic modulus through the thickness of the mullite coating measured at three locations using nanoindentation.
TABLE 3.
The mean coating thickness calculated from digital images of the cross-section taken at six locations across the specimen using the optical microscope.
